Small disulfide-bonded proteins (SDPs) are rich sources for therapeutic drugs. Designing drugs from these proteins requires three-dimensional structural information, which is only available for a subset of these proteins. SDPMOD addresses this deficit in structural information by providing a freely available automated comparative modeling service to the research community. For expert users, SDPMOD offers a manual mode that permits the selection of a desired template as well as a semi-automated mode that allows users to select the template from a suggested list. Besides the selection of templates, expert users can edit the target-template alignment, thus allowing further customization of the modeling process. Furthermore, the web service provides model stereochemical quality evaluation using PROCHECK. SDP-MOD is freely accessible to academic users via the web interface at http://proline.bic.nus.edu.sg/sdpmod.
INTRODUCTION
Small disulfide-bonded proteins (SDPs) are a special class of proteins that are relatively small in size (length <100 residues) and have disulfide bonds within their three-dimensional (3D) structures (1) . SDPs include many secretory proteins which serve predatory, defensive or regulatory roles (such as toxins, inhibitors and hormones), and they are rich source for therapeutic drugs (2) and pesticides (3) . The 3D structures of SDPs are essential for understanding the functions of SDPs and for drug design. However, 3D structure determination through experimental methods such as X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy are still both time-consuming and expensive. This results in a gap between the number of known 3D structures and the number of primary sequences that could be narrowed using large-scale automated protein structure prediction.
Among current structure prediction methods, comparative modeling is the most reliable method for generating 3D models. Comparative modeling of protein structures often requires expert knowledge and proficiency in specialized methods. In the mid-1990s, Peitsch and coworkers developed the first automated modeling server SWISS-MODEL (4), which is currently the most widely used server of this genre. Recently, several other automated comparative modeling servers have also been developed, such as CPHmodels (5), 3D-JIGSAW (6), ModWeb (7) and ESyPred3D (8) .
Although so many automated comparative modeling servers are available, most of them do not work well on small SDPs for two reasons. Most of the automated servers are primarily designed for globular protein domains, making it difficult to discriminate small-sized SDPs from background noise. Taking as an example the sequence of a-conotoxin PnIA (9) (PDB id: 1PEN; 16 residues; 2 disulfide bridges in its structure), we note that both SWISS-MODEL and ModWeb report that they do not cover the modeling of sequences <25 or <30 amino acid residues in length, respectively, while the other three servers state that no suitable templates can be identified for this sequence.
The second reason is that SDPs have distinct characteristics from medium-sized and large globular proteins. They usually do not have a compact hydrophobic core, which is a major factor in stabilizing protein structure. Their side chains are more likely to be exposed to solvent and their conformations are more flexible. The 3D structures of small proteins are usually dominated by disulfide bridges, metal or ligand (according to SCOP classification) (10) and tend to bind or interact with large molecules. In small disulfide-rich proteins, the effects of disulfide bridges and constrained residues such as prolines are more significant than sequence similarity. As such, the comparative modeling rules for such proteins are highly specific and different from those adopted for large globular proteins. These distinct features require specific methods and datasets to be developed for the comparative modeling of SDPs.
To address these problems, we have first developed special strategies and rules for large-scale automated comparative modeling of the entire family of conotoxins (L. Kong and S. Ranganathan, unpublished data). Subsequently these rules were extended to other SDPs. Here, we present SDPMOD, a comprehensive comparative modeling server that is designed specifically for SDPs with specialized rules and datasets.
MATERIALS AND METHODS

Non-redundant SDP structure dataset
Before the modeling can proceed, a non-redundant dataset for SDPs needs to be created to serve as the template repository. Structures containing protein chains of length <100 amino acids with at least two cysteines were retrieved from the Protein Data Bank (PDB) (11) and loaded into MySQL, a relational database management system for flexible query and manipulation. The redundancy in SDP structures was removed at two levels. First, for NMR structures which have multiple monomer models, the representative monomers were selected using NMRCLUST (12) . Second, when multiple structures exist for the same sequence, the representative structure was chosen according to its structural qualities. The structural qualities are ranked by the following criteria (adopted from PDB): (i) X-ray structures over NMR structures, (ii) higherquality factor (1/resolutionÀR-value) for X-ray structures and higher restraint per residue for NMR, (iii) better geometry, (iv) fewer missing atoms and non-standard residues and (v) later deposition date. Based on the above strategy, a non-redundant structure database for SDPs was generated. Currently it contains >1300 non-redundant protein chains and their coordinates. The database will be automatically updated once a month.
Modeling procedure
The SDPMOD server performs comparative modeling in four steps: (i) template selection, (ii) target-template alignment, (iii) model building and (iv) model evaluation (13) . Figure 1 shows the detailed modeling procedure for automated modeling. The non-redundant dataset is first filtered using the number of cysteine residues, and the resulting template sequences are globally aligned to the target sequence using a modified scoring matrix derived from the non-redundant SDP dataset. The best templates are then selected based on the alignment scores. Target-template alignment and model building are achieved by MODELLER (14) (http://salilab.org/modeller/ modeller.html), using a customized matrix to ensure that all the cysteine residues are well aligned. The final models are chosen according to the MODELLER objective function score, which reflects low energy and least stereochemical violations. Finally, the overall structural quality of the generated models is evaluated against stereochemical parameters derived from high-quality experimental structures by PROCHECK (15) (http://www.biochem.ucl.ac.uk/~roman/ procheck/procheck.html).
Benchmarking
A large-scale benchmarking excercise was completed using the fully automated mode of the SDPMOD server. A control set of 664 sequences (a subset of our non-redundant SDP dataset) with known structures was used to evaluate the reliability of the server. The Ca root mean square deviation (RMSD) values between models and their actual experimental structures were calculated. The benchmarking results show SDPMOD can predict 3D models with a reasonable accuracy. For example, in the 40-70% sequence identity range, 64% of models have Ca RMSD values <1.5 Å . The detailed analysis of the accuracy of our modeling protocol is available from http://proline.bic.nus.edu.sg/sdpmod/accuracy.html. 
WEB SERVICE
SDPMOD is freely accessible to academic or non-profit users via a web interface (shown in Figure 2 ) at http://proline. bic.nus.edu.sg/sdpmod. SDPMOD is primarily designed as a fully automated procedure for ease of use. However, due to the complexity of comparative modeling, human intervention and expert knowledge may be required for optimal modeling of some proteins at two critical stages, namely template selection and target-template alignment (6) . To allow for human intervention, the current version of the SDPMOD server provides three modes of modeling (fully automated, semi-automated and manual) to meet the different needs of the expert users. The 'fully automated' mode presents an easy-to-use interface. Users can simply submit a target sequence with their email address and their MODELLER license key, obtained from the MODELLER registration page http://salilab.org/ modeller/registration.shtml, and the modeling will be carried out automatically according to the procedure described in Figure 1 . In the 'semi-automated' mode, a ranked list of potential templates will be returned after the target sequence is submitted. Users can then choose the best template and adjust the target-template alignment using expert knowledge. In the 'manual' mode, users are allowed to propose a template from our non-redundant SDP structure dataset and modify the target-template alignment where necessary.
After the modeling process is completed, a link with the prediction results will be returned via email. Users can refer to the link to view the prediction result and download the models. The prediction results consist of (i) a summary of the selected template(s), (ii) the predicted model based on each template in PDB format and (iii) a brief report for each modeling attempt that includes the target-template alignment used in model building, a comparison of the model against the template by means of RMSD and a PROCHECK report on the stereochemical quality of the models.
